Leaf variation was examined in two hybridizing Mexican red oaks, Quercus affinis and Q. laurina . Data of nine traits were obtained for ten randomly chosen leaves in each of 512 individuals from 16 populations sampled along a geographical gradient, including the distribution area of both species and a putative area of secondary contact and hybridization. A cluster analysis recognized two main groups of populations, which were congruent with the taxonomic assignment of the predominant morphological type within the populations and were thus labelled ' Q. affinislike' and ' Q. laurina -like' population groups. A nested analysis of variance revealed that the largest proportion of the total variation was contained within populations, as among-tree variation (28-54%, depending on the trait), and as intra-individual variation (17-56%). However, differences between the two groups of populations (3-27%) and among populations within groups (5-21%) were also significant for the nine traits. A distinct pattern of change across populations was observed for each trait. Variation was particularly pronounced along the geographical gradient for petiole length and leaf-margin teeth number, possibly implying selection on these two traits. Results suggest that phenotypic plasticity, gene flow, hybridization and natural selection have shaped foliar variation in this oak complex.
INTRODUCTION
Patterns of morphological variation in natural populations are created by gene flow, natural selection, phenotypic plasticity, genetic drift and historical causes (Mayr, 1963; Endler, 1977 Endler, , 1986 ). Many studies have identified variation in phenotypic characters within plant species as a result of these factors (e.g. Wyatt & Antonovics, 1981; Hume & Cavers, 1982; Shaver, Fecher & Chapin, 1986; Sokal, Crovello & Unnasch, 1986; Oyama, 1993; Domínguez et al ., 1998) . The genus Quercus has been an interesting subject for studies of leaf morphology, because it is characterized by considerably high levels of variability. In various oak species, differentiation in foliar characters occurs among populations, among trees within populations, and among branches within a tree (Blue & Jensen, 1988; Bruschi, Grossoni & Bussotti, 2003) . Furthermore, significant seasonal (Blue & Jensen, 1988) and ontogenetic (Kleinschmit et al ., 1995) changes have also been described. These results demonstrate the dynamic nature of foliage and its capacity to adjust to environmental conditions through plasticity and/or adaptive differentiation.
The high frequency of hybridization in Quercus incorporates further variation to the intrinsic variability within species and may complicate the interpretation of taxonomic patterns (Tucker, 1961; Hardin, 1975; Aas, 1993; Rushton, 1993) . For this reason, considerable efforts have been directed to understand phenotypic differentiation between species within particular complexes (Kleinschmit et al ., 1995; Bacilieri, Ducousso & Kremer, 1996; Bruschi et al ., 2000; Kremer et al ., 2002) , and to assess the expression of characters in hybrid progenies with controlled parentage (Kleinschmit et al ., 1995; Bacilieri et al ., 1996) . In natural populations, a continuum in leaf morphology has been observed in areas of range overlap between oak species that are well differentiated outside of the region of sympatry (Jensen et al ., 1993; Bacon & Spellenberg, 1996; Howard et al ., 1997; González-Rodríguez et al ., 2004) . These patterns of variation have been interpreted as supporting the view that such areas represent secondary hybrid zones, and imply that extensive hybridization and backcrossing have occurred.
In this study, we analysed patterns of foliar variation in a complex consisting of two species of Mexican red oaks, Quercus affinis Scheidw., and Q. laurina Humb. & Bonpl. According to a preliminary phylogenetic analysis based on morphological characters, these two species are closely related taxa (S. Valencia, unpubl. data). The two species have partially overlapping distributions and show morphological intergradation in the area of overlap (Valencia, 1994) . However, outside of this area phenotypic differentiation is clear, and Q. laurina individuals usually have longer, wider leaves, with a longer petiole and fewer leaf-margin teeth, compared with Q. affinis individuals. Other architectural and microanatomical features of the leaves, such as the venation pattern and the density of trichomes, also show some degree of differentiation between morphologically representative populations of the two species (Valencia, 1994) . Discriminant function analysis has been used previously to characterize foliar differentiation between reference populations of Q. affinis and Q. laurina from outside of the area of overlap, and then employed to assess the multivariate pattern of morphological change across a geographical gradient, which included the range of the two species and the area of intergradation (González-Rodríguez et al ., 2004) . Foliar variation between the two species was found to be continuous across the gradient, although only a relatively small fraction of the individuals were morphologically intermediate. Within populations, the morphology of a single species predominated in most cases, that is, the majority of the individuals appeared to be similar to morphologically representative Q. laurina , or similar to morphologically representative Q. affinis . These results, together with simultaneous genetic analyses, were interpreted as supporting the previous hypothesis of a secondary contact event for the origin of the area of overlap, and the occurrence of hybridization and introgression between the two oak species within this area (Valencia, 1994; González-Rodríguez et al ., 2004) .
The specific questions addressed in this study were: What are the patterns of change of particular foliar traits in the Q. affinis-Q. laurina complex across the geographical gradient? What is the pattern of relationships among populations according to their morphological similarities? How is morphological variation partitioned among different hierarchical levels, including species, populations, trees and leaves? Are populations situated in the area of overlap morphologically more variable, as is expected for hybrid populations? Finally, we use the results to draw some inferences about the possible underlying evolutionary mechanisms that have produced patterns of morphological variation in these oaks.
MATERIAL AND METHODS
All specimens of the Q. affinis -Q. laurina complex deposited at the National Herbarium of Mexico (MEXU) were examined. Sixteen populations located throughout the geographical distribution of both species and the area of overlap, and considered to be representative of the range of morphological variation present in the complex (i.e. populations with typical individuals of the two species and populations with various degrees of morphological intergradation), were selected for sampling. As shown in Figure 1 , collection localities were situated in three main mountain ranges in Mexico: the Sierra Madre del Sur, the Trans-Mexican Volcanic Belt and the Sierra Madre Oriental (Ferrusquía-Villafranca, 1993) . Morphologically representative populations of Q. laurina are mostly situated in the Sierra Madre del Sur and the western region of the volcanic belt. The area of morphological intergradation is in the eastern region of the volcanic belt, and morphologically representative populations of Q. affinis are along the Sierra Madre Oriental (Valencia, 1994) . A number was assigned to each population that reflects its position in the geo- 
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Pacific Ocean N graphical gradient defined by these patterns of geographical distribution. For this, we considered simultaneously the latitude and the longitude of each location, yielding a gradient from the west and south to the east and north (Fig. 1 ). Twenty to 45 trees were sampled per locality. In all cases, sampled individuals were randomly chosen adult trees separated by at least 100 m from each other along a transect. Two branches from each individual situated at no more than 5 m from the ground were chosen haphazardly without any perceived bias and pressed to prepare herbarium specimens. Six measurements were made for ten randomly chosen leaves from each individual: total length (TL), lamina length (LL), petiole length (PL), maximal width (MW), distance from the base of the leaf to the point of maximal width (PMW) and leaf-margin tooth number (TN). The ratios of PL/TL, MW/LL and PMW/ LL were calculated, as ratios relate to shape rather than size variation, and thus may provide additional information (Frampton & Ward, 1990) . Before further analysis, the three ratios were arcsine square root transformed, and TN was log-transformed, to normalize the distribution of these variables (Sokal & Rohlf, 1995) .
To determine morphological relationships among populations, a matrix of pairwise Euclidean distances was calculated from the population means of the nine foliar characteristics, and a hierarchical cluster analysis based on this matrix was performed using the unweighted pair-group method with arithmetic average algorithm (UPGMA). A Mantel permutation test (Mantel, 1967) was employed to investigate the relationship between the morphological similarities among populations and the linear geographical distance separating them using the zt software (Bonnet & Van de Peer, 2001) .
Once the primary morphological subdivisions among populations were obtained through the cluster analysis, partitioning of the total variance in foliar morphology in terms of differences at various hierarchical levels was determined with a nested analysis of variance. The levels considered were groups of populations ( G ), populations within groups ( P ), trees within populations ( T ) and leaves within individuals, the latter level used as the error term (Sokal & Rohlf, 1995) . In the model, G was treated as a fixed factor and P and T were treated as random effects. The variance components, the proportion of the total variation in a character that is accounted for by a particular hierarchical level (Sokal & Rohlf, 1995) , were determined for each level. These analyses were performed using the JMP statistical package (SAS Institute, 1995) .
As hybridization typically produces an increase in quantitative trait variance in resulting populations (Harrison, 1990) , we estimated the coefficient of variation (CV) for each morphological character and population, to assess whether levels of trait variation change among Q. affinis-Q. laurina populations in different geographical areas (i.e. within and outside of the overlap area).
RESULTS Figure 2A -I shows the mean values of the nine morphological variables measured in the 16 populations. All foliar traits varied significantly across the geographical gradient represented in this study. Two characters showed particularly clear patterns of change: from south-west to north-east, mean petiole length decreased from approximately 1 cm to less than 0.4 cm, while the mean number of leaf-margin teeth increased from 0-1 to 4-6 (Fig. 2) . The total length of the leaf and the lamina length also decreased in the same direction, although less markedly. In contrast, highest maximal widths were observed in populations and ZB [13] , and then decreases again. The ratio of PL/ TL is higher in more south-western than in more north-eastern populations. Finally, PMW/LL also seems to be higher in more south-western populations, although the pattern of change of this character is less clear along the gradient (Fig. 2) .
The UPGMA cluster analysis recognized two main groups of populations (Fig. 3) [13] ) are also in geographical proximity, but the Mantel test did not detect a significant general association between leaf similarity among populations and the linear geographical distances separating them ( r = 0.015; P = 0.43).
Nested analysis of variance performed on all nine morphological variables revealed that all hierarchical levels considered (groups of populations, populations within groups, and individuals within populations), contributed significantly to foliar variation in the Q. affinis-Q. laurina complex, except MW/LL, which did not differ significantly between the ' Q. affinis -like' and ' Q. laurina -like' population groups (Table 1) . Dif-ferences between these two population groups explained only a small proportion of the total variation (3-5%) in other five characters (TL, LL, PL, MW and PL/TL). In contrast, the amount of variation between these two groups was greatest for PMW (9%), PMW/ LL (10%) and TN (27%). Differences among populations within groups accounted for 5-21% of the variation. Characters that most strongly differentiated the two population groups (PMW, PMW/LL, TN) showed less variation among populations, and vice versa. For eight traits, the greatest proportion of variance (28-54%) was explained by differences among trees within populations. Finally, another substantial source of variation (17-56%) was accounted for by the error term, i.e. differences among leaves within individuals.
The coefficients of variation for each foliar character and population are shown in Figure 4 . Coefficients of variation were generally lower in populations situated at both ends of the geographical gradient and higher in intermediate populations. Population ZC[16] , situated at one geographical extreme, seems to be on average the morphologically more homogeneous, but population TQ [1] , which constitutes the other end of the gradient, appears to be comparatively more variable. Among the geographically intermediate populations, none consistently had the highest CV for all I characters, and for some traits (e.g. PL and MW/LL), the lowest value was found in geographically intermediate populations (Fig. 4) .
DISCUSSION
There is considerable phenotypic variation within the red oak complex analysed here. All measured foliar traits changed significantly across populations, and the pattern of change was distinct for each trait.
Although for most traits the patterns seemed to be continuous along the geographical gradient, a hierarchical cluster analysis recognized two main groups of populations, which were congruent with the taxonomic assignment of the predominant morphological type within the populations (Valencia, 1994; A. González-Rodríguez pers. observ.), and were thus labelled ' Q. affinis -like' and ' Q. laurina -like' population groups. A nested ANOVA further revealed significant differences between the two population groups for all characters, but the magnitude of the differentiation was modest (3-5%) in the case of six characters, and in fact considerable (27%) only for leaf-margin tooth number. Variation among populations within these two groups was also significant for the nine traits, but relatively small in magnitude (5-21%). On the other hand, a remarkably high amount of the total variation was contained within populations, in the form of differences among individual trees (28-54%), as well as within-tree variation (17-56%).
The high intra-individual variation observed can be the result of phenotypic plasticity and/or developmental instability. It is well known that, in trees, leaves from different parts of the crown often vary significantly in morphology (e.g. Niinemets et al ., 2004) . In Q. petraea , the effect of the sun/shade dichotomy for branch position on 31 foliar characters was explicitly addressed (Bruschi et al ., 2003) , and was found to account for a higher proportion of the total variance (2.3-58.3% depending on the character, mean = 23.5%) than differences among trees within populations (3.4-48.7%, mean = 16.5%), and differences among populations (5-36.5%, mean = 19.5%). The error term included the variation among leaves within branches and was also considerably high (11.7-50.8%, mean = 28.5%) (Bruschi et al ., 2003) . Unfortunately, in our study, branches were haphazardly sampled with respect to position, and thus we cannot further subdivide the within-tree variation into deterministic (i.e. consistent differences depending on position) and random (i.e. error) variation. However, while taking measurements, we observed both between-and within-branch differences among leaves, suggesting a role for both plasticity and developmental effects. The high among-tree variation within the populations may be in part the expression of phenotypic plasticity due to the microenvironmental conditions experienced by each tree, but also the result of genotypic differences among individuals. Neutral genetic markers have usually revealed low population differentiation in oak species, suggestive of high amounts of nuclear gene flow (via pollen) among populations (Michaud et al., 1995; Zanetto & Kremer, 1995; Le Corre, Dumlin-Lapègue & Kremer, 1997; Toumi & Lumaret, 1998; González-Rodríguez, Arias & Oyama, 2005) . This implies that a large proportion of the species' total genetic variation can be found within any population. For this reason, a wide range of genetically-based phenotypic variation among individuals can be presumed, although morphological characters might certainly be subjected to developmental and environmental constraints not experienced by neutral markers, that may affect the amount and direction of the expressed variation. In the case of hybrid populations that originate through interspecific gene flow, an even more diverse array of genotypes is expected to occur, and an increase in quantitative trait variance may result from high heterozygosity and positive linkage disequilibria (Harrison, 1990) . The coefficient of variation calculated for each trait in the 16 oak populations offered some support for this expectation, although the patterns were not completely consistent for all traits and populations.
In fact, the variation of foliar traits observed among populations suggests the action of other forces besides gene flow in determining morphological patterns in the Q. affinis-Q. laurina complex. If gene flow were the main factor, a higher phenotypic similarity could be expected for geographically more proximate populations. Indeed, a population genetic study conducted for the same 16 populations analysed here, revealed a significant correlation between the linear geographical distances separating the populations and genetic distances calculated from molecular markers (González-Rodríguez, et al., 2005) . Interestingly, the genetic similarities among populations seemed to be more related to the spatial distance separating them than to their morphological relationships. For example, one of the two main groups in a UPGMA dendrogram based on genetic distances was formed by eight populations from the eastern region of the volcanic belt and the Sierra Madre Oriental, and included four populations (PR[8] (González-Rodríguez, et al., 2005) . On the contrary, the results of the present study did not indicate a significant general relationship between overall phenotypic dissimilarity among populations, expressed as Euclidean distances, and spatial distances. It seems that 'Q. laurina-like' and 'Q. affinislike' populations from the area of overlap between the two species, despite being in geographical proximity and having experienced considerable introgression of neutral genetic markers (González-Rodríguez et al., 2004 , 2005 , have remained morphologically different enough as to be classified into distinct groups in a hierarchical cluster analysis (Fig. 3) .
Such incongruence between genetic and morphological patterns could result from the action of selection on hybrid individuals. This selection can take two forms, 'endogenous' and 'exogenous' (Barton & Hewitt, 1985 , 1989 Harrison, 1990) . The first is a consequence of the disruption of the coadapted gene complexes of the parental species in hybrids, leading to genetic and developmental malfunctioning in any situation, independently of external factors. In contrast, 'exogenous' selection implies that the relative fitness of hybrid individuals is dependent on particular environmental conditions (Barton & Hewitt, 1985 , 1989 Harrison, 1990) . The two oak species are thought to have diverged in different geographical areas (Q. affinis in the Sierra Madre Oriental and Q. laurina in the Sierra Madre del Sur). During this process, adaptive differentiation of leaf morphology might have occurred. Petiole length and leaf-margin teeth number were the two characters most strongly differentiated between the two extremes of the geographical gradient, and both traits have a well-established functional significance. Petiole length influences leaf arrangement, affecting light interception efficiency under different circumstances (Pearcy & Yang, 1998; Niinemets et al., 2004) . Across tree species, petiole length is correlated with other traits such as leaf length and width and crown architecture, and these correlations change with latitude and elevation, temperate species having, in general, shorter petioles than tropical species (King, 1998; King & Maindonald, 1999) . The proportion of tree species with lobed or toothed margins increases along the latitudinal gradient of decreasing mean annual temperature and more marked seasonality (Givnish, 1987) . It has been shown that marginal leaf teeth and lobes represent adaptations for more rapid initiation of photosynthesis in flushing leaves in several temperate tree species, including three oak species (Baker-Brosh & Peet, 1997) . The geographical variation in petiole length and leaf-margin teeth number observed in Q. affinis-Q. laurina populations could be related to environmental conditions resulting from the gradient of increasing rainfall that is observed in Mexico from west to east (Mosiño-Alemán & García, 1974) , and from latitudinal changes in mean annual temperature, luminosity and seasonality. Adaptation to particular habitats may have also played a role: according to Valencia (1994) , trees with Q. affinis-like morphology are usually found at elevations between 1600 and 2225 m in protected and humid sites such as valleys and ravines, whereas trees with Q. laurina-like morphology occur at higher elevations (2440-3065 m) in exposed and drier sites. These suggestions may be tested in future investigations on the functional significance of leaf morphological variation in these and other oaks.
From our results it can be further hypothesized that both exogenous and endogenous selection are acting in the hybrid zone between Q. affinis and Q. laurina. For example, petiole length changed steadily in a consistent direction along the geographical gradient, and the differentiation in this character between the 'Q. affinis-like' and 'Q. laurina-like' population groups was small (4%; Table 1 ). According to hybrid zone theory, the action of exogenous selection in secondary zones can result in an association between the patterns of change of particular traits and environmental gradients, which implies that intermediate character states are favoured in intermediate environments (Barton & Hewitt, 1985 , 1989 Harrison, 1990 ). In contrast, it is possible that endogenous selection is operating against intermediate states at the characters that were differentiated to a larger extent between the two population groups (PMW, TN and PMW/LL). For example, most leaves have the same number of leafmargin teeth on each side of the blade: 0 or 1 pair in the case of Q. laurina, 2 or 3 pairs in the case of Q. affinis. The presence of asymmetrical leaves with unequal numbers of teeth on each side, particularly in the hybrid zone, could be an indication of developmental instability resulting from the disruption of parental gene complexes (Freeman et al., 1995) .
